, and 20 ng/ml) during fall and winter in children. Methods: Ninety-six healthy 8-to 14-y-old Pittsburgh-area black and white children enrolled in a randomized, placebocontrolled trial of vitamin D 3 1,000 IU daily for 6 mo with baseline and 2-mo follow-up assessments completed during October through April were studied. Vitamin D intake from diet and study supplement adjusted for adherence and serum 25(OH)D were measured. results: The vitamin D intakes needed to maintain serum 25(OH)D concentrations at 12, 16, and 20 ng/ml in 90% of the children were 581, 1,062, and 1543 IU/day, respectively. The estimated vitamin D intakes needed to maintain serum 25(OH) D concentrations at 20 ng/ml in 97.5% of the children was 2,098 IU/day. conclusion: Our data suggest that the current vitamin D recommended dietary allowance (RDA) (600 IU/day) is insufficient to cover the skeletal health needs of at least 50% of black and white children.
V
itamin D is an essential nutrient for bone health and calcium homeostasis. Rickets in children and osteomalacia in adults are disorders of poor mineralization of osteoid tissue and are the osteopathic consequence of severe and prolonged vitamin D deficiency (1) . Maintaining optimal vitamin D status is critical for the prevention of rickets and the less severe consequences of hypovitaminosis D osteopathy. Sources of vitamin D include, mainly, vitamin D synthesized in the skin from casual sunlight exposure, diet, and dietary supplements (2) (3) (4) . Skin color, season, and latitude of residence influence vitamin D photosynthesis (5) (6) (7) (8) (9) . The Institute of Medicine (IOM) disregarded the contribution of "photosynthesized vitamin D" while calculating the dietary reference intakes (DRIs) for vitamin D because of the inherent risks of casual sunlight exposure, namely, photo-induced skin damage and skin cancer, and challenges posed by variations of human skin color for quantifying the safe duration of sunlight exposure needed for vitamin D synthesis (10) .
The 2011 IOM vitamin D DRI guidelines were based on a risk assessment framework for indicators of bone health such as calcium absorption, bone mineral density, and risk of rickets and osteomalacia in healthy individuals (10) . The DRI committee considered circulating concentration of total 25-hydroxyvitamin D [25(OH)D] as a marker of vitamin D status and exposure, and defined concentrations <12 ng/ml as deficient, and ≥20 ng/ml as sufficient, and deemed concentrations of 16 and 20 ng/ml as adequate to meet the skeletal health needs of 50 and 97.5% of the population, respectively (10) . The estimated intake of vitamin D required to achieve a serum 25(OH)D concentration of 16 ng/ml in 50% and 20 ng/ml in 97.5% of ≥1-y-old US children, respectively, was 400 and 600 IU/day. These estimates, based on simulations of dose-response data gathered at higher latitudes during winter, were limited by insufficient pediatric data and lack of racially diverse sample of children, and remain to be refined. We utilized data from a randomized, double-blind, placebocontrolled vitamin D 3 supplementation trial in black and white children and estimated the dietary vitamin D requirements for maintaining serum 25(OH)D concentrations at the various IOM-considered thresholds of vitamin D status (12, 16 , and 20 ng/ml) during fall and winter.
RESULTS
We studied 96 black and white children with baseline and 2-mo follow-up assessments completed during October through April. The mean age of our study children was 11.4 ± 1.9 y. Fifty-two of the children were black and 51 of the children were randomized to the vitamin D supplemented group. Baseline characteristics between vitamin D and placebo group were similar ( Table 1) . Black children had higher BMI,
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Articles pubertal status, sunreactive skin type, and melanin index when compared to white children at baseline ( Table 2 ). In addition, at baseline, black children had lower mean 25(OH)D concentrations and higher median serum calcium concentrations than white children ( Table 2) . Compliance rate by pill count was greater than 80% in the vitamin D and the placebo group and did not differ between the two groups (compliance median (25th, 75th percentile): vitamin D group 0.92 (0.85, 0.99) vs. placebo group 0.92 (0.77, 1), P = 0.74). No child developed hypercalcemia during vitamin D supplementation.
Effects of Vitamin D Supplementation
Effects on mean 25(OH)D concentrations. Baseline 25(OH) D concentrations were not significantly different between the vitamin D and placebo group ( Table 3) . The 2-mo followup 25(OH)D concentrations were higher in children in the supplemented group than in children in the placebo group. The increase in 25(OH)D concentrations in the supplemented children and decrease in 25(OH)D concentrations in children in the placebo group were significant. Effects on mean calcium, phosphorus, and albumin concentrations. Calcium, phosphorus, and albumin concentrations were not significantly different between the vitamin D and the placebo group at baseline and at the 2-mo follow-up visit ( Table 3 ). The decreases in phosphorus and albumin concentrations in children in the placebo group were significant. Table 4 . Our data show that the vitamin D intakes needed to maintain serum 25(OH)D concentrations at 12, 16, and 20 ng/ml in 90% of the children were 581, 1,062, and 1,543 IU/day, respectively. The estimated vitamin D intakes needed to maintain serum 25(OH)D concentrations at 16 ng/ml in 50% of the children was 10.6 IU/ day and at 20 ng/ml in 97.5% of the children was 2,098 IU/day.
DISCUSSION
Our results indicate that the current recommended dietary allowance (RDA) for vitamin D may be inadequate in children residing in higher latitudes during winter. The IOM has suggested that maintaining 25(OH)D concentrations ≥20 ng/ ml as sufficient for optimal skeletal health in children and an intake of 600 IU of vitamin D/day as the RDA for maintaining 25(OH)D concentrations at 20 ng/ml in 97.5% of children ≥ 1 y of age (10) . According to our findings, the current vitamin D RDA (600 IU/day) is insufficient to cover the skeletal health needs of at least 50% of black and white children.
The IOM vitamin D DRI committee had deemed 25(OH) D concentrations of 16 ng/ml as the median value for maintaining optimal skeletal health-concentration above which will be adequate for 50% of the population and concentration below which will be inadequate for 50% of the population (10) . The committee set 12 and 20 ng/ml as the lower and upper limits of 25(OH)D requirements for meeting the skeletal health needs, with the presumption that 25(OH)D concentrations of 20 ng/ml would be sufficient to cover the needs of 97.5% of the Articles population and <12 ng/ml would be associated with vitamin D deficiency (10) . The committee examined dose-response data from nine vitamin D intervention studies conducted during winter (minimal UV-B exposure) in 6-to >60-y-old individuals living in higher latitudes in northern Europe (>49.5°N) and Antarctica (78°S) and formulated a regression equation for estimating the response of 25(OH)D concentrations to total vitamin D intake (10). The IOM committee estimated vitamin D intake required to achieve a 25(OH)D concentration of 16 ng/ml in 50% of the population (estimated average requirement (EAR)) and 20 ng/ml in 97.5% of the population (RDA) were 400 and 600 IU/day, respectively (10). Whereas, in our study, the EAR was 10.6 IU/day and RDA was 2,098 IU/day. Our considerably lower EAR can be explained by likely the contributions of summertime sun exposure to serum 25(OH) D concentrations, as our study was conducted at a lower latitude (40.4°N and 40.8°N) than the studies considered by IOM. The differences in the estimates can be attributed to the differences in the regression models and cohort characteristics. The IOM estimates were based on a curvilinear fit model derived using pooled data from 6-to >60-y-old individuals, whereas our estimates were based on a linear regression model derived using data from a single site study of 8-to 14-y-old black and white children, and half of our sample comprised of black children.
In this study, supplementation with vitamin D 3 1,000 IU daily for 2 mo during October through April was safe and effective. Mean 25(OH)D concentrations increased significantly in the supplemented children and decreased significantly in the placebo group at 2 mo. The decrease in 25(OH)D concentrations in the placebo group reflect the influence of season on vitamin D status of children living in higher latitudes during fall and winter, and validate that our assessments were done during periods of minimal UV-B light exposure. The decrease in phosphorus and albumin at 2 mo in the placebo group was not clinically relevant. The magnitude of change in 25(OH) D concentrations at the 2-mo follow-up was inversely associated with baseline 25(OH)D concentrations in black but not in white children mainly because black children had significantly lower basal 25(OH)D concentrations than white children (11, 12) .
In this study, pubertal status was a significant predictor of 25(OH)D concentrations. This finding is consistent with our previous report examining the predictors of 25(OH)D concentrations in 8-to 18-y-old black and white children (13) . We speculate that this is primarily due to the fact that adolescent children have higher rates of vitamin D deficiency and lower intakes of dietary vitamin D when compared to preadolescent children (14) . Articles Rajakumar et al. 25 (OH)D could explain the contrast in the findings between the present study and their report. Our findings highlight the relevance of the contributions of summertime sun exposure for maintenance of 25(OH) D concentrations during winter in children living in the Northeastern parts of US (13,16)-25(OH)D concentrations of 16 ng/ml was maintained in 50% of our sample without any or negligible intake of dietary vitamin D. The estimated daily intake of vitamin D required to maintain 25(OH)D concentrations at 16 and 20 ng/ml in 50% of our study cohort was 10.6 and 489 IU respectively. However, it's apparent from our data that the current IOM-set RDA of 600 IU/day may be inadequate. Our estimated intakes of vitamin D needed to maintain 25(OH)D concentrations at 12, 16, and 20 ng/ml in 97.5% of our study cohort during winter were 1,137, 1,618, and 2,098 IU/day, respectively. Our findings are relevant for determining the vitamin D requirements of children residing in other areas of the world with comparable latitudes (above 40°N (e.g., Madrid, Spain) or below 40°S).
Guidelines regarding dietary vitamin D requirements and concentrations of 25(OH)D deemed as essential for optimal skeletal health remain controversial and lack consensus at a global level. The Endocrine Society in the US has defined 25(OH)D threshold concentrations for vitamin D deficiency, insufficiency, and sufficiency as <20, 20 -<30, and ≥30 ng/ml, respectively; and recommended a vitamin D intake of 600-1,000 IU/day in 1-to 18-y-old children for the prevention of vitamin D deficiency and suggested a vitamin D intake of 1,000 IU/day to consistently maintain their 25(OH)D concentrations above 30 ng/ml (17) . Vitamin D guidelines also vary widely in European countries (18) . Nordic countries (Denmark, Finland, Iceland, Norway, and Sweden) recommend a vitamin D intake of 400 IU/day for infants and children to achieve a target serum 25(OH)D concentration of ≥20 ng/ml (19) . Children residing in Germany, Austria, and Switzerland have been recommended to meet a daily vitamin D intake of 800 IU/day for maintaining a target 25(OH)D concentration of ≥20 ng/ml (18) . Central European children are recommended a vitamin D intake of 600-1,000 IU/day to maintain a target 25(OH)D concentrations of 30-50 ng/ml (20) . Given the variability in the vitamin D recommendations, a unifying policy guideline for addressing the prevention of vitamin D deficiency at global level is warranted (21) .
Limitations of our study include short duration of vitamin D intervention with single instead of multiple doses, lack of information regarding travel to sunny location during the intervention period, and the presumption that the association between In conclusion, 25(OH)D concentration is positively associated with total vitamin D intake in black and white children during winter. Pubertal status is a significant predictor of 25(OH)D adjusting for vitamin D intake. Vitamin D intake required for maintaining 25(OH)D concentrations at 20 ng/ml in 97.5% of black and white children, adjusting for race and pubertal status, was threefold higher (≈2,000 IU/day) than the current RDA (600 IU/day). Our findings suggest that future studies are warranted to refine the current IOM suggested RDA for vitamin D in children.
METHODS

Study Design and Participants
We conducted a secondary analysis in a subset of subjects enrolled in a randomized, double-blind, placebo-controlled trial (Clinicaltrials.gov identifier: NCT00732758) that examined the effects of supplementation with vitamin D 3 1,000 IU daily for 6 mo on serum 25(OH)D, parathyroid hormone, and markers of bone turnover in healthy 8-to 14-y-old black and white children from Pittsburgh (latitude: 40.4°N) and Kittanning (40.8°N), Pennsylvania. Children not receiving vitamin supplements entered the trial during October through March of 2008 through 2011. Details and findings of the primary study have been reported (24) . Our subjects for this study were children with baseline and 2-mo follow-up evaluations completed during October through April, a period of reduced solar ultraviolet-B (UV-B) radiation. We chose to examine the 2 mo rather than the 6-mo outcomes mainly because majority of the 6-mo follow-up visits (89%) were completed during late spring and summer months (May through September). This strategy for subject selection eliminated the confounding effects of sun exposure on the relationship between dietary vitamin D and serum 25(OH)D. The clinical trial was approved by the University of Pittsburgh Institutional Review Board. Parental consent and subjects' assent were obtained prior to initiation of study procedures.
Study Intervention
Children were randomized by race to receive a vitamin D 3 1,000 IU or placebo tablet once daily in a 1:1 ratio. Both the tablets were manufactured Data does not support estimating the required intake of vitamin D intake for 25(OH)D cutoff of ≥12 ng/ml in 50% of the study cohort.
c Cells contain results extrapolated beyond the observed quantities of daily vitamin D intake.
